The alteration of transcript structure contributes to transcriptome plasticity. In this study, we analyzed the genome-wide response of exon combination patterns to deficiencies in 12 different nutrients in Arabidopsis thaliana roots. RNA sequencing analysis and bioinformatics using a simulation survey revealed more than 600 genes showing varying exon combinations. The overlap between genes showing differential expression (DE) and genes showing differential exon combination (DC) was notably low. Additionally, gene ontology analysis showed that gene functions were not shared between the DE and DC genes, suggesting that the genes showing DC had different roles than those showing DE. Most of the DC genes were nutrient specific. For example, two homologs of the MYB transcription factor genes MYB48 and MYB59 showed differential alternative splicing only in response to low levels of potassium. Alternative splicing of those MYB genes modulated DNA-binding motifs, and MYB59 is reportedly involved in the inhibition of root elongation. Therefore, the increased abundance of MYB isoforms with an intact DNA-binding motif under low potassium may be involved in the active inhibition of root elongation. Overall, we provide global and comprehensive data for DC genes affected by nutritional deficiencies, which contribute to elucidating an unknown mechanism involved in adaptation to nutrient deficiency.
INTRODUCTION
Plants are capable of responding and adapting to biotic and abiotic stresses, and surviving in harsh natural environments. Mineral nutrients are among the environmental factors that affect plant growth. As all essential nutrients are required for growth, plants have evolved highly specific mechanisms to accommodate suboptimal levels of each nutrient. These mechanisms require the regulation of transport and metabolism. Nutrient transporter genes and metabolism-related genes play central roles in the adaptation mechanisms.
Several genes for which activities are regulated at the transcription level, under the control of specific transcription factors (TFs), have been reported (Assunc ßão et al., 2010; Takahashi et al., 2011; Konishi and Yanagisawa, 2013; Briat et al., 2015; Brumbarova et al., 2015) . The importance of post-transcriptional regulation has also been demonstrated. Recent studies have shown that the boron (B) transporter BOR1, which translocates B from roots to shoots, and the iron (Fe) transporter IRT1, which is essential for Fe uptake in roots, undergo rapid protein turnover in response to external levels of B and Fe, respectively, via ubiquitin-dependent endocytosis in Arabidopsis thaliana (Takano et al., 2010; Barberon et al., 2011; Kasai et al., 2011) . This protein-turnover system is thought to contribute to optimal nutrient acquisition, with a quicker response compared with transcriptional regulation. The optimization of plant systems in response to soil fertility levels is achieved through the transcriptional regulation of genes and a rapid protein accumulation system to control nutrient transport and metabolism.
In addition to transcriptional and post-translational regulation, transcript processing, including alternative exon usage, is widely recognized as an important mechanism in mammals. The great diversity among transcriptomes and proteomes in eukaryotes is attributed to alternative exonexon combinations, termed 'alternative exon combination', in genes. These combinations are attributed to alternative splicing (AS) and 5 0 -end exon skipping resulting from an alternative transcription start site ( Figure S1 ). Alternative exon combination introduces differences in mRNA stability, contributing to enhanced transcriptome plasticity and significant protein coding variations that affect enzymatic activity or subcellular localization (Kelemen et al., 2013) . Therefore, alternative exon combination is recognized as a driving force of evolution in complex multicellular organisms.
In some genes, exon combination is regulated in a condition-specific manner, such as according to the cell type, tissue type and developmental stage, and this conditiondependent regulation is essential for biological events (Lopez, 1998; Matlin et al., 2005; Makeyev et al., 2007; Wang et al., 2008; Nilsen and Graveley, 2010) . One of the best-understood examples of regulatory exon combination is the mechanism of sex determination in Drosophila melanogaster. Sexual development of D. melanogaster depends on differential splicing patterns of the splicing factor gene Sex-lethal. These patterns are dependent on the ratio of X chromosomes to autosomes and on the downstream genes Transformer and Doublesex (Sch€ utt and N€ othiger, 2000) . Various physiological events in mammals have been associated with AS of TF genes under different conditions (Kelemen et al., 2013) , representing an essential role of AS as a regulatory system. Alternative exon combination in higher plants introduces diversity among their transcriptomes. RNA sequencing (RNA-Seq) technology has revealed that exon combination patterns are regulated in a condition-specific manner in higher plant species (Filichkin et al., 2010; Marquez et al., 2012; Li et al., 2013; Ding et al., 2014; Mandadi and Scholthof, 2015) . The biological importance of regulatory exon combination was first established for temperaturedependent flowering in A. thaliana. The splicing pattern of the TF gene FLOWERING LOCUS M is dependent on temperature, resulting in the distinct regulation of downstream genes related to flowering time (Pos e et al., 2013) . It has also been revealed that the morphological response to light in A. thaliana is controlled by two independent systems: one via light-dependent AS of the light signaling regulator gene SPA1-RELATED 3, and the other via the splicing factor gene RS31 (Petrillo et al., 2014; Shikata et al., 2014) . These findings suggest that the regulation of exon combination is common in higher plants.
Despite its importance, the condition-dependent regulation of exon combination involved in response to nutrient levels remains to be elucidated in plants. In this study, we examined genome-wide changes in exon combination patterns in response to nutrient deficiencies in the roots of A. thaliana. Genome-wide transcriptomic profiling of A. thaliana roots exposed to deficiencies in 12 nutrients -B, calcium (Ca), copper (Cu), Fe, magnesium (Mg), manganese (Mn), molybdenum (Mo), nitrogen (N), phosphorus (P), potassium (K), sulfur (S) and zinc (Zn) -was performed using RNA-Seq technology, and the differential exon combination (DC) in response to these deficiencies was examined.
RESULTS

RNA-Seq analysis of Arabidopsis thaliana roots under nutrient deficiencies
We prepared hydroponically grown A. thaliana plants (4 weeks old) and exposed them to low nutrient levels (B, Ca, Cu, Fe, K, Mg, Mn, Mo, N, P, S and Zn) or normal nutrient levels for 4 days. RNA was extracted from the roots and subjected to paired-end RNA-Seq analysis. We obtained approximately 1.1 billion 90-bp reads that passed quality filtration. The RNA-Seq reads were aligned to the A. thaliana reference genome (TAIR10) by TOPHAT (Kim et al., 2013) and, on average, 92.8% of the paired reads were successfully mapped to reference gene sequences, including splice junctions and unspliced sequences (Table S1 ). This mapping rate was similar to that reported in other RNA-Seq studies involving A. thaliana (Drechsel et al., 2013) .
Detection of differential expression
Before analyzing changes in exon combination, the quality of the sequence data was carefully assessed as described in the Experimental procedures, and we found that our data set represents similar qualities to those of previously published data. We then analyzed the changes in gene expression levels. Expression levels as expressed as counts per million (CPM) in response to nutrient deficiencies were quantified using CUFFDIFF  see Experimental procedures for details). The largest number of genes showing differential expression (DE) was found under N deficiency, followed by K, P, Ca, S and Mg deficiencies ( Figure S2a ). In contrast, gene expression changes were weaker in response to deficiencies in micronutrients (B, Fe, Mn, Zn, Cu and Mo), compared with macronutrients ( Figure S2b) . Genes known to be indicators of nutrient-specific deficiencies were significantly up-or downregulated under each nutrient deficiency condition, except for Mo deficiency ( Figure S2 ). We compared the fold change (FC) ratios (Mo/control) of genes showing DE, comparing the RNA-Seq and microarray data obtained from A. thaliana roots exposed to Mo deficiency (Ide et al., 2011) . This resulted in a significantly positive correlation (r = 0.6, P = 5 9 10 À8 , by Pearson's correlation test), attesting to the Mo-deficient response ( Figure S3 ).
Detection of differential exon combination
Next, we analyzed the patterns of exon combination under different nutrient deficiencies. Differential exon combination (DC) was detected as the difference in the proportions of transcript isoforms that had unique structures of exon combinations. The analysis consisted of three steps: (i) transcript assembly; (ii) abundance estimation; and (iii) abundance comparison (Figure 1 ). For the transcript assembly, we employed the TOPHAT-CUF-FLINKS pipeline, which identifies isoforms with unannotated exon structures by recovering complete transcript fragments from short reads (Trapnell et al., 2010; Kim et al., 2013) . Transcript assembly was performed for each RNASeq library, and the resulting transcriptome data sets were merged with the TAIR10 reference transcriptome into a single new transcriptome data set. From the assessment of pipeline by the simulation test using in silico RNA-Seq data, we determined a criterion for relative abundance to filter out the less reliable isoform in the minor isoform fraction. We obtained 9268 unannotated isoforms in total, in addition to the 41 671 reference transcripts in the TAIR10 database, in which the putative false isoform limit was 1% of the total (see Experimental procedures for details). Isoform abundance was estimated using TIGAR 2, based on Bayesian inference (Nariai et al., 2014) . As a result, 36 072 transcripts (CPM ≥ 0.4) were detected in total, 22 569 of which were derived from genes with transcript isoforms. Prior to the statistical comparison of isoform abundances, we estimated the reliability of the abundances and removed unreliable data using two filters for the expression level and the relative abundance (see Experimental procedures for details).
To detect statistically significant changes in relative abundance, we performed one-sample Student's t-tests across the 13 treatments, including the control condition for each isoform. We determined whether the relative abundance value in a given treatment was identical to the average value of the other treatments. Isoforms showing significant changes, with FDR-adjusted P values (q value) < 0.01 in both replicates, were extracted and identified as the reproducible candidates of differentially abundant isoforms. We obtained more than 5000 candidate isoforms.
Nutrient-specific and -unspecific modulation of exon combination
In our analysis, genes with two or more transcript isoforms accounted for 38% of the total expressed genes, and more than half of these genes showed significant DC (Figure 2a ). Approximately 90% of the isoforms showing significant differences had variations of 1.4-fold or smaller, relative to the untreated control (Figure 2a) . In a study on differential AS associated with physiological responses in A. thaliana, the majority of the splicing isoforms changed by twofold or more (Pos e et al., 2013; Petrillo et al., 2014) . In our analysis, only 4% (196 genes, 16 genes per treatment on average) of the genes displaying isoforms changed by twofold or more, and this number was too small to statistically analyse the functional over-representation of the DC genes. We then focused on the isoforms showing |FC| ≥1.4 in both biological replicates, which accounted for more than 10% (643 genes) of the DC genes. The majority of the DC genes with |FC| ≥1.4 were detected in the N-and K-deficiency treatments (Figure 2b ), as the numbers of DE genes were greatest for these treatments ( Figure S2a ). We compared the genes showing DC with |FC| ≥1.4 among N-deficiency, K-deficiency and other treatments. Only a few genes exhibited DC with |FC| ≥1.4 across two or more treatments. For example, 83% (105 genes) and 80% (96 genes) of the genes exhibited DC specifically in the N-and K-deficient treatments, respectively. These results suggest that DC is modulated mostly in a nutrient-specific manner. The data for the top 30 genes, in terms of 1/q values, are summarized in Table 1 . The genes showing significant DC with at least one nutrient deficiency are shown in Figure 3 . Among the genes affected by N-deficiency treatment, we detected SHOOT APICAL MERISTEM ARREST 2 (SHA2; AT5G08750), which is a homolog of the E3 ligase gene SHA1 required for shoot apical meristem maintenance (Sonoda et al., 2007) , and an unknown gene (AT1G15860; Figure 3 ). MYB48 (AT3G46130) and MYB59 (AT5G59780), which belong to the MYB family of TF genes, clearly displayed DC under the K-deficiency treatment. The involvement of these genes in mineral nutrition has not been reported previously. CBL-INTERACTING PROTEIN KINASE 3 (CIPK3; AT2G26980), which is involved in general abiotic stress responses (Kim et al., 2003) , showed DC under the N-and K-deficiency treatments. Differential relative abundance was observed for one of the isoforms of PENTACYCLIC TRITERPENE SYNTHASE 1 (PEN1; AT4G15340) under Ca deficiency. This isoform is likely to demonstrate DC under K deficiency as well, but its relative abundance was below the threshold level determined above. The DC exhibited by PEN1 probably represents a common response to nutrient-deficiency stress.
DC genes are not enriched among the DE genes
None of the DE genes known to respond to specific nutrient deficiencies were included in the DC gene data sets, implying that the DC genes are not differentially expressed. We then compared DC genes (|FC| ≥1.4 relative to the untreated control) with DE genes exhibiting transcript isoforms. No more than 42 genes were found in both gene groups, and most of the genes were present in either the DE or DC group only (Figure 4a ). In the genes exhibiting transcript isoforms, the ratio of genes showing both DC and DE to DE genes was significantly less than the ratio of DC genes to total genes (P = 2.4e À7 , odds ratio = 0.483, according to Fisher's exact test), showing that DC genes are not enriched among DE genes. The overlap between DC genes and DE genes was also either small or not detected under each nutrient-deficiency treatment (Figures 4c, d , left panels, and S4). Gene ontology (GO) analysis showed a clear difference in annotations between the DC and DE gene sets. For example, GO categories related to phosphorylation (i.e. protein kinase activity) were overrepresented among the DC genes, but these categories were not significantly enriched among the DE genes ( Figure 4b ). The GO categories enriched among the DE genes (i.e. response to nutrient levels) were not enriched among the DC genes. Various GO categories specific to DC genes were detected in the analysis for each nutrient-deficiency treatment (Figures 4c, d, and S4) . These results revealed that the DC genes have functions and roles different from those of the DE genes.
Modulation of DNA binding sites by AS of MYB48 and MYB59 in response to K deficiency Next we focused on MYB48 and MYB59, which showed specific responses to K deficiency ( Figure 3 ). The q values of these genes were ranked third and fourth, respectively (Table 1) . MYB59 was previously shown to be involved in cell cycle regulation and primary root elongation in A. thaliana (Mu et al., 2009) , and MYB48 is the closest homolog of MYB59 (Stracke et al., 2001; Dubos et al., 2010) . These MYB genes share high sequence homologies and exon-intron structures (Figure 5a, c) . To validate the AS events in these MYB genes, we performed isoform-specific transcript quantification by quantitative reverse transcription (qRT)-PCR.
We detected the three splicing isoforms of MYB59 that were identical to those registered in the TAIR10 database (Figure 5a ). The expression level of isoform 2 (AT5G59780.2_AT5G59780.3) under K deficiency was approximately twofold that in the untreated control, whereas the total expression level was reduced (Figure 5b , right panel). These trends were consistent with the RNASeq results (Figure 5b , left panel), which showed a fourfold induction of the relative abundance of isoform 2 in response to K deficiency (Figure 3) . The expression level of isoform 2 was reduced in the other treatments, with a tendency towards reduced basal level expression of MYB59, indicating that differential AS of MYB59 is a specific response to K deficiency. For MYB48, its four splicing isoforms are annotated in the TAIR10 database, but the expression of isoform 4 (AT3G46130.4_AT3G46130.4, see Experimental procedures for details) was not detected by our RNA-Seq analysis (Figure 5c ). RNA-Seq and qRT-PCR showed that the level of isoform 2 (AT3G46130.2_AT3G46130.1) clearly increased under K deficiency, whereas the proportion of each isoform did not change under other nutrient deficiencies, as observed for MYB59 (Figure 5d ).
MYB48 and MYB59 are classified as R2R3-type MYB family genes, which have two conserved DNA-binding domains, R2 and R3. In general, the R2 and R3 domains have three imperfect repeat sequences separated by three tryptophan residues, forming a helix-turn-helix structure (Stracke et al., 2001) . We compared the amino acid sequences of the R2 and R3 motifs in the main open reading frames (ORFs) among the isoforms of MYB59 and MYB48, and found that the ORFs in isoform 2 of MYB48 and MYB59 harbor both R2 and R3, but the other isoforms are missing the whole or part of R2 (Figures 5e and S5 ). The levels of isoform 2 of both MYB59 and MYB48 with intact domains were increased in response to K deficiency. These results suggest that the full R2/R3 domains of these MYB proteins play roles in response to K deficiency.
DISCUSSION
In this study, a comprehensive survey of the sequences of transcript isoforms and their abundances was performed in A. thaliana roots exposed to low levels of 12 essential nutrients. By de novo transcript assembly, we successfully found more than 9000 isoforms that are not annotated in the TAIR database. According to publicly available expressed sequence tag (EST)/cDNA data sets, the proportion of genes with isoforms is estimated to be approximately 33% (Campbell et al., 2006) . In contrast, recent RNA-Seq-based analyses estimated that transcripts that undergo AS account for 48% (Marquez et al., 2012) or 48-55% of the total genes (Li et al., 2013) . In our analysis, the ratio of genes showing alternative exon combination was 38% of the expressed loci, probably because the conservative cut-off value that we used allowed us to detect unannotated isoforms with less contamination of unreliable fragments.
According to the DC analysis, 643 genes (3% of expressed genes) showed DC with |FC| ≥1.4 under nutrient-deficiency treatments; however, the frequencies of the different types of AS events were not affected by nutrient deficiencies ( Figure S6 ). The N-and K-deficiency treatments showed stronger effects on the modulation of exon combination than did the other treatments. This was consistent with the large proportions of DE genes observed under N and K deficiencies, compared with the other treatments ( Figure S2 ), suggesting that this trend is linked to the severity of the stress.
Most of the DC genes were affected in a nutrient-specific manner. Li et al. (2013) of AS patterns between Fe and P deficiencies in A. thaliana, most of the changes in AS were nutrient specific, suggesting the existence of nutrient-specific mechanisms regulating exon combination. The exon combination of 41 genes was changed by more than two treatments. Among these genes was CIPK3, which is involved in the response to general abiotic stresses via ABA signaling (Kim et al., 2003) . It has been reported that the splicing pattern of CIPK3 is altered by salinity stress (Ding et al., 2014) . According to this previous report, differential splicing in response to salinity stress was observed in the 10th exon in isoform 6 of the mRNA ( Figure S7 ). Alternatively, differential splicing in response to nutrient deficiencies occurred at the 5 0 end ( Figure S7 ). These results suggest that CIPK3 exhibits different DCs, depending on the type of stress, and plays different roles in response to different stresses.
Among the DC genes, two R2R3-type MYB TF genes, MYB48 and MYB59, showed clear DC in response to K deficiency. In addition to their similar differential splicing patterns in response to K deficiency, these two genes shared high sequence homology and exon-intron structures, suggesting that they are controlled by the same splicing machinery. The splicing isoforms of those genes encode two types of proteins: those with a full R2R3 DNA-binding domain and those lacking R2 because of an N-terminal truncation. The relative abundance of the isoforms
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Total, rep2 #2, rep1 #2, rep2 encoding proteins with full R2R3 motifs was increased under K deficiency. Similar to MYB48 and MYB59, differential AS in response to stress was observed in the MYB-like gene CIRCADIAN CLOCK ASSOCIATED 1 (CCA1; Filichkin et al., 2010) . The AS pattern of CCA1 changed in response to cold and high-light stresses, resulting in altered proportions of full-length and prematurely terminated proteins. The MYB genes might be evolutionarily duplicated/conserved targets of protein modification mediated by AS. Previously, MYB59 was reported to be involved in the cell cycle in A. thaliana roots (Mu et al., 2009) . The overexpression of the R2R3-containing isoform of MYB59 suppressed the elongation of primary roots, whereas the disruption of MYB59 induced primary root elongation. These gain-and loss-of-function assays confirmed that MYB59 is responsible for the negative control of primary root elongation. Primary root elongation is suppressed under K deficiency in A. thaliana, although the molecular mechanism of the suppression is unknown (S anchezCalder on et al., 2013). An increased abundance of R2R3-containing isoforms might be involved in the negative regulation of primary root elongation in response to K deficiency ( Figure 6 ). MYB59 positively regulates the expression of cell cycle-related genes, including CYCB1;1, which is thought to inhibit primary root elongation (Mu et al., 2009 ). In our transcriptomic data, CYCB1;1 expression was induced by K deficiency (Figure S8 ), suggesting that the negative regulation of primary root elongation under K deficiency is mediated by cell cycle-related genes in primary root tips.
Recent studies exploring the regulation of root system architecture in response to nutrient deficiencies revealed that plants suppress primary root elongation in response to not only K deficiency but also P deficiency, whereas the suppression of primary roots was not observed under Ca, Fe, Mg, N and S deficiencies (S anchez-Calder on et al., 2013). The negative regulation of primary root elongation in response to P deficiency has been well studied. LOW PHOSPHORUS INSENSITIVE 1, LOW PHOSPHATE ROOT 1 and HYPERSENSITIVITY TO LOW PI-ELICITED PRIMARY ROOT SHORTERNING 1 mediate the suppression of primary root elongation under P deficiency. These effects are specific to P deficiency (S anchez-Calder on et al., Liu et al., 2009; Wang et al., 2010) , indicating that plants have acquired a nutrient-specific system regulating primary root elongation through evolution. By analogy, we expect that MYB59 is responsible for K-specific negative regulation of primary root elongation. It was also reported that the splicing pattern of MYB59 is altered by plant hormones, implying hormone signaling regulation (Li et al., 2006) ; however, it is unknown how the K-deficiency signal is transduced specifically for the regulation of differential AS of the MYB genes ( Figure 6 ).
Among the nutritional deficiencies evaluated in our study, only 42 genes among a total of 1830 regulated genes were present in both the DE and DC gene sets (Figure 4a) . Li et al. (2013) also described distinct regulation between AS and DE genes under Fe deficiency in A. thaliana. AS is regulated by spliceosomes, and transcriptional regulation is mediated by TFs. Therefore, it is not surprising that only a small number of genes was regulated by both mechanisms.
In addition, GO analysis revealed that DE and DC genes have different biological functions or physiological roles (Figure 4b ). Consistent with a previous report, many transporters, transferases and peroxidases were classified as DE genes regulated by nutrient deficiencies. On the other hand, DC genes tend to regulate other proteins and genes, via processes such as protein phosphorylation, gene expression, epigenetics and gene silencing, implying that the DC of these genes may affect expression/function of a number of genes, which may be important in adaptation to nutrient deficiencies.
Alternative splicing (AS) is regulated by serine/argininerich (SR) proteins in plants, and the expression pattern of SR genes is altered by biotic and abiotic stresses (Cruz et al., 2014; Ling et al., 2015) . Our RNA-Seq data indicated that the expression of the SR protein gene RSZ21 (AT1G23860) was downregulated significantly by N deficiency (q < 0.01; Table S2 ). In response to K deficiency, the expression of RSZ21 and RSZ33 (AT2G37340) was reduced by approximately 20% (q = 0.43 and 0.42, respectively). Other SR and SR-like genes showed smaller expression changes under nutrient-deficiency treatments. The differential AS might be attributed to the DE of SR protein genes; however, further study is needed to clarify the mechanisms and physiological roles of DC in response to nutrient deficiency. In summary, this RNA-Seq study provides genome-wide information on DC patterns under 12 different nutrient-deficiency treatments in A. thaliana. The data obtained will be invaluable in plant nutrition and stress response research. We created a database, displaying the results of our analysis as the JBrowse (http://atpbsmd.yokohama-cu.ac.jp/jb rowse.html) and EXCEL datasheets (Appendixes S1 and S2). These websites and the data sets allow for the easy evaluation of transcript structures and DC patterns of genes of interest. Further studies based on our data would help elucidate the regulation of DC genes and their physiological significance in the adaptation to nutrient status.
EXPERIMENTAL PROCEDURES Plant growth and nutrient-deficiency treatments
Prior to treatments, A. thaliana (ecotype Col-0) plants were grown for 4 weeks in hydroponic culture, following a procedure described previously (Nishida et al., 2011) . After pre-culturing, the roots were rinsed with deionized water and exposed to each nutrient-deficiency treatment and control conditions for 4 days. The chemical compositions of the treatment solutions and the concentrations of the nutrient elements are summarized in Tables S3 and S4 . The treatment solutions were supplemented with 4.7 mM 2-(N-morpholine)-ethanesulphonic acid (MES), and the pH was adjusted to 5.7 with NaOH. After the exposure period, the roots were gently blotted, frozen immediately in liquid N, and stored at À80°C. Four plant samples were pooled to represent one biological replicate, and the experiments were repeated twice on different days.
RNA isolation and RNA-Seq
Total RNA was extracted from frozen tissues following the method of Suzuki et al. (2004) , and contaminating genomic DNA was digested by DNase I (TaKaRa, http://www.takara-bio.com). The resulting RNA was cleaned up using RNeasy columns (Qiagen, https://www.qiagen.com). Purification of the Poly-A mRNA and construction of the cDNA libraries were performed using the Illumina TruSeq RNA library preparation protocol (Illumina, https:// www.illumina.com), and the resulting libraries were subjected to paired-end sequencing on the Illumina HiSeq2000 ™ platform, identifying 90-bp sequences at both ends of the cDNA fragments (about 200 bp). Raw sequence data were cleaned up by filtering out reads containing adapter sequences, unknown bases (more than 5% of the total bases) or more than 50% of the total bases with quality values of <10.
Read mapping and DE analysis
The reference genome sequence and gene annotation data of A. thaliana (TAIR10) were downloaded from the TAIR ftp server (ftp://ftp.arabidopsis.org/home/tair/). RNA-Seq reads were mapped to the reference genome using the sequence aligner TOPHAT 2.0.11 (Kim et al., 2013) . Read counts were quantified for every gene and expressed as CPM. Genes with CPM ≥ 0.4 were used for the following analyses. This first criterion was determined as the technical limit of reproducible detection, and was used to remove genes with no reads in either replicate and those with an artificial constant value acquired for a low abundance of reads (dotted lines in Figure S9a ). Random down-sampling of reads showed that the number of transcripts (CPM ≥ 0.4) did not increase after 5 million read pairs ( Figure S9b) , indicating that the effect of library size on gene detection was presumably small (~17-25 million read pairs per library). In the analysis of each treatment, the ratio of the number of genes (CPM ≥ 0.4) to the total number of reference genes was approximately 60% for each treatment, reaching 65% in total. The number of genes detected in a single treatment was comparable with publicly available RNA-Seq data derived from untreated control A. thaliana roots ( Figure S9c ).
Statistical analysis of differential gene expression was performed using pairwise comparisons between each treatment and the untreated control with library normalization (CUFFDIFF 2.2.1; Trapnell et al., 2013) . CUFFDIFF was run in 'no-length-correction' mode to obtain the CPM value, and the other parameters of TOPHAT and CUFFDIFF were set to default. Results from the DE analysis of all genes are summarized in Appendix S1.
DC analysis
Transcript assembly. To identify unannotated exon combinations, transcript assembly was performed using CUFFLINKS 2.2.1 (Trapnell et al., 2010) . The majority of newly assembled fragments were accounted for by the less abundant fragments, which might be precursor RNAs ( Figure S10a ). In addition, the simulation test using in silico RNA-Seq data showed that false-positive isoforms tended to accumulate in the minor isoform fraction ( Figure S10b ). Then, we attempted to filter out the assembled isoforms with low relative abundances, using a built-in parameter ('-F/-min-isoformfraction') of CUFFLINKS that determines the maximum abundance of an isoform relative to the most prevalent isoform (major isoform). To optimize the cut-off criteria, we performed receiver operating characteristic (ROC) analysis and determined an F score of 0.3. In this test, the false-positive rate is set to <25% of unannotated new assemblies. More detailed descriptions of the cut-off process are available in Appendix S3.
The alignment files obtained above were used as input in CUF-FLINKS for the pairwise comparison of biological replicates for each treatment, and the resulting 13 output files and the TAIR10 annotation file were merged into a single transcriptome file using CUFF-COMPARE in the CUFFLINKS package (with the C option for output of all annotated transcripts). CUFFLINKS reports isoforms that differ not only in their exon-exon structure, but also in their full sequence length. Then, any assembled isoforms with identical DCs are merged into the longest isoform by a custom-made program written in PERL. Note that none of the annotated transcripts were modified. The final transcriptome files are available in Appendixes S4 and S5). For convenience, we reassigned the transcript nomenclature in the following manner:
<AGI-code><new-serial-number>_<assembled-ID or previous-ID> For example, the single annotated transcript AT1G02220 is referred to as 'AT1G02220.1_AT1G02220.1', and its additional splicing isoform is referred to as 'AT1G02220.2_transfrag.571'.
Abundance estimation. The quantification of transcript abundance was performed using TIGAR 2.0, used to estimate transcript abundance at the highest level of accuracy (Nariai et al., 2014; Kanitz et al., 2015) . This step was performed independently for each biological replicate. The quantified abundances were normalized across libraries using the TMM method in the R package EDGER (Robinson and Oshlack, 2010; . A 0.001 CPM, which was less than one-tenth of the minimum CPM value, was added to all normalized data to calculate the FC abundance between treatments for each transcript. The proportion (%) of isoforms was calculated for each gene and used as the relative abundance (%) in the following step.
Abundance comparison. Prior to statistical comparison of isoform abundances, we estimated the reliability of the abundances and removed unreliable data. In general, the abundance estimations for low signal transcripts were less reliable. Variations in expression levels among biological replicates were greater in the lower signal fraction ( Figure S11a ). Then, we assessed the reproducibility of estimated isoform abundances using different cut-off expression levels, based on data from the replicates of the untreated control. The correlation efficiency (Pearson's correlation test) was significantly improved when the cut-off value was approximately 0.0625 (log 2 CPM = À4), and it increased gradually as more strict criteria were imposed ( Figure S11b) . We then decided to use a cut-off value of CPM < 4 when the correlation efficiency was >0.98. A scatter plot of CPM versus sequence coverage for each transcript showed that a CPM of 4 was equivalent to a sequence coverage of approximately 10 ( Figure S11c) . A sequence coverage of 10 is widely accepted as the cut-off value used to eliminate unreliable signals from next-generation sequencing (NGS) data (Robertson et al., 2010) , thereby supporting the validity of our cut-off value. Additionally, we removed the data from the minor isoform fraction as we did in the transcript assembly, as the reliability of the relative abundances was low in that fraction ( Figure S11d) . We eliminated the isoform fraction with a relative abundance of <15%, in which the relative standard deviations between the replicates were >1 (Figure S11d) . Data processed using these two filters were used for the following statistical analyses.
The relative abundances were statistically compared across all treatments using the Student's one-sample t-test. The P values for isoforms were obtained for each treatment and the untreated control. To control the false discovery rate (FDR), P values were adjusted according to the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995) , and FDR-adjusted P values (q values) were used to indicate differential abundance. Statistical analyses were performed for each biological replicate data set, and isoforms with q < 0.01 in both data sets were extracted. The results of the DC analysis for all isoforms are summarized in Appendix S2.
GO enrichment analysis
The GO analysis was performed for gene sets showing DE or DC using the R package TOPGO 2.16.0 (Alexa and Rahnenfuhrer, 2010) with the gene annotation database of A. thaliana org. At.tair.db (v2.14.0; Carlson, 2010 ). Fisher's exact test was performed to compare the frequency of GO terms in the given gene sets with the background frequency. The GO terms over-represented in each gene set are shown.
qRT-PCR
First-strand cDNA used for RNA-Seq was synthesized from total RNA using SuperScript â III Reverse Transcriptase (ThermoFisher Scientific, https://www.thermofisher.com) with oligo (dT) 15 primers and dNTP mixtures (TaKaRa, http://www.takara-bio.com). qRT-PCR was performed using the appropriate aliquots of synthesized cDNA, SYBR â Premix Ex Taq ™ II (TaKaRa), and the LightCycler â Nano system (Roche Diagnostics, http://www.roche.com), following the manufacturer's instructions. The standard thermal profile was as follows: 30 sec at 95°C, 40 repeats of 5 sec at 95°C and 30 sec at 60°C. The amplifications of isoform-specific regions were performed using isoform-specific primers spanning specific exon-exon junctions (5 0 -TAGCAAAAGTATCAGGTTTGAACAG-3 0 and 5 0 -GTCATCTTGCCACGTTTGAG-3 0 for MYB48#2, 5 0 -TAGC GAAAGTTTCAGGTCTAAACAG-3 0 and 5 0 -GGCGTGAAGCTCAAG-GACTA-3 0 for MYB59#2).
The expression levels relative to those in the untreated control were compared among N-, K-and P-deficiency treatments. The total basal expression levels of all isoforms were also analyzed by amplifying common regions across isoforms using the following primers: 5 0 -AAGTGGGGAAACAGGTGGTC-3 0 and 5 0 -ATTGGTGGTGGTAGTGGTCA-3 0 for MYB48, and 5 0 -TGAT-CAGTCTGGAGCAAACG-3 0 and 5 0 -CTTTCCCATGTTGGAGAAGC-3 0 for MYB59. Transcript levels were calculated using calibration curves and normalized to the expression level of the housekeeping gene EF1a using specific primers (5 0 -CCTTGGTGTCAAGCA-GATGA-3 0 and 5 0 -TGAAGACACCTCCTTGATGATTT-3 0 ). We used PRIMER3PLUS 2.4.0 to design the PCR primers (Untergasser et al., 2012) . The specificity of all primers was confirmed by gel electrophoresis of the PCR products and melt curve analysis following qRT-PCR.
Visualization of isoform and coverage information JBORWSER 1.12.1 (Skinner et al., 2009 ) was introduced to visualize assembled transcripts (cuffcmp.combined_id_renamed.gtf) and their expressions as sequence coverage (http://atpbsmd.yokoha ma-cu.ac.jp/jbrowse.html).
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